For a legged system to operate on rough terrain, it must place its feet on footholds that provide good support and traction. This can be done by adjusting the step length, the distance traveled between successive steps. This paper explores three methods for controlling step length: adjusting the duration of flight, the duration of stance, or the forward velocity. I have tested these three methods for step length control on a planar, two-legged machine i n the laboratory. The strategies which adjust flight duration and forward velocity produce similar accuracy in following a pattern of footholds, but adjusting forward velocity allows a greater range of step lengths. Changes in stance duration are not large enough to produce a large change in step length. I have used these methods to enable the biped to climb u p and down a short flight of stairs.
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Introduction
Legged vehicles have the potential to travel on rough terrain by using isolated footholds and by stepping or leaping over obstacles. These abilities would give legged vehicles an advantage'over ivlieeled or tracked vehicles, which require a continuous path of support. In order to take advantage of this ability, a legged system must be able to place its feet so as to avoid unsuitable terrain. To do this, a legged system must sense the terrain, plan a path. choose a sequence of footholds, and adjust its step length to use the chosen footholds. I have studied the last of these problems, the adjustment of step length to use chosen footholds. Figure 1 illustrates the importance of step length control when running up and down stairs. In order for the machine to successfully climb the stairs the step length must be adjusted so that the foot is placed in the correct position on the approach and on each step. I have been studying a restricted version of the rough-terrain problem. The target footholds all lie along a straight line and the experimental machine is restricted to running in a plane. I also restrict the legged system to running rather than walking and only allow one foot to touch the ground at a time. I will discuss several strategies for achieving control of foot placement under these circumstances and describe laboratory experiments that test these strategies using a planar biped.
-4lthough legged machines do not yet run on rough terrain, humans and animals do. Lee, Lishman, and Thomson (1982) studied regulation of gait in human long jumpers. They analyzed the movements of skilled long jumpers as they spriuted toward a takeoff board. Lee and his co-workers observed that their subjects adjusted step length and landed close to the front edge of the board by changing the vertical impulse during stance.
-4 variation in vertical impulse results in a longer or shorter flight time, and a longer or shorter step length. Warren, Lee, and Young (1985) studied how runners adjust step length when required to place their feet on randomly located footholds on a treadmill. They found that subjects controlled step length primarily by adjusting the vertical component of the impulse against the ground, while maintaining constant forward rurixiing speed.
Previous work on legged robots moving on rough terrain addresses the task of "choosing" footholds while ignoring the task of using the footholds, once chosen (McGhee and Iswandhi 1979; Ozguner, Tsai, and McGhee 1984; Hirose 1984) . The statically stable machines used in these studies could easily place their feet as required. The problem addressed here is how to place the feet of a dynamic legged systcm.
Experimental Setup
A planar, two-legged running machine was used for the experinients in adjusting step length. The machine has two telescoping legs connected to the body by pivot joints that form hips. Each hip has a hydraulic actuator that positions the leg fore and aft. An actuator within each leg changes the leg length, while an air spring makes the leg springy in the axial direction. The biped is constrained mechanically to move fore and aft, up and down, and to rotate about the pitch axis.
The control system for the biped relies on a three-part decomposition of the problem. One part regulates the amplitude of the machine's bouncing motion, the second part maintains the body in an upright posture, and the third part controls the forward running speed. The control system adjusts speed and hopping height but not the length of the step. Details of the control are given in Hodgins, Koechling, and Raibert (1985) . The remainder of this paper focuses on extending the control to include step length. The biped can run with air pressures between 10 psi and 100 psi, which generate stance times between 0.1 s and 0.2 s when hopping in place. Figure 5 shows data recorded while the biped hopped in place with several air pressures in this range. Stance duration was an inverse function of the resting pressure of the spring.
Currently, the biped hardware does not allow the resting pressure of the air spring t o be adjusted during a run. I plan to add valves for controlling the air pressure that will permit the control system to adjust pressure, stance duration, and step length.
Forward Velocity
During each flight period the control system manipulates forward running speed by choosing a forward position for the foot that accelerates the body properly during the next support interval. The control system can position the foot t o cause zero, positive, or negative net acceleration for the stance phase (Raibert and Brown 1984) . 
Conclusions
A robust strategy for step length control requires that a wide range of possible step lengths can be produced accurately. Forward velocity and flight duration produce steps with about the same accuracy, 0.06 m. The range of possible step lengths is greater for forward velocity control (0.1 m -1.1 m) than it is for flight duration control (0.3 m -0.9 m). Stance duration control is not implemented yet so its accuracy is not known. Assuming nominal values of 0.3 s for flight duration and 1.1 m/s for forward velocity, stance duration control will produce step lengths between 0.5 m and 0.6 m. This range is significantly smaller than the ranges produced by the other two strategies and it is unlikely that this strategy alone will be effective for rough terrain locomotion. The biped has run up and down a flight of three stairs using these strategies for step length control (figure 1) . Before the machine reaches the stairs the step length is adjusted using forward velocity so that the machine is in the correct position to begin running up the stairs.
Step length is then adjusted t o match the stair depth and flight duration control is used to account for the changes in liftoff and touchdown altitudes caused by the stair height.
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Control of Step Length
The length of a step is defined to be the distance between two successive footholds. The step length is equal to the sum of the distance traveled during the stance phase and during the flight phase. The distance traveled by the hip during a given period is the product of time and forward speed. Therefore, varying duration of flight, duration of stance, or forward speed will affect step length. These observations suggest three strategies for controlling step length while maintaining balanced running (figure 2):
Flight Dumtion -With constant forward velocity, duration of flight determines the distance traveled during flight. Flight duration is determined by the vertical velocity of the body when the foot leaves the ground and the difference between the altitude of the body a t liftoff and touchdown. The control system could adjust the amount of thrust so that the flight time produces the desired step length.
Stance Dumtion -The distance the body travels during stance, is the product of average forward velocity during stance and duration of stance. Ideally, the duration of stance is a function only of the mass of the body and the stiffness of the leg, i.e., the natural frequency of oscillation. The control system could change the distance traveled during stance by modulating the stiffness of the leg.
Forward Velocity -For given stance and flight durations, forward velocity determines step length. The forward velocity of the system can be controlled by the placement of the foot on each step as described in Raibert and Brown (1984) .
The control system could manipulate forward velocity to control step length.
Experiments
The step length is a function of three parameters: flight duration, stance duration, and forward velocity. Given a desired step length and predicted values for two of the three parameters, the desired value for the third is easily computed. The problem that remains is how to adjust the controlled variable to match the desired value.
Duration of Flight
The duration of the flight phase can be adjusted by manipulating the vertical velocity a t liftoff. The length of time the system will spend in flight can be predicted from the vertical velocity a t liftoff, the altitude of the body a t liftoff, and the expected altitude of the body a t touchdown. Assuming the liftoff and touchdown altitudes are equal:
where T, is the duration of flight, 2,. is the vertical velocity a t liftoff, and g is the acceleration of gravity.
Flight duration is controlled by adjusting the amount of energy in the system during stance. Because energy is converted between its potential and kinetic forms, the measure of energy a t any time during stance can be used to predict the flight duration. System energy is the sum of the potential, kinetic, and elastic energies. Potential energy is determined by the altitude of the body and legs. Kinetic energy is determined by the vertical velocities of the body and legs. The elastic energy stored in the air spring is computed from the spring's pressure.
Sufficient energy is added to the system during stance to make up for losses and to produce the desired duration of flight. Energy is added by lengthening the hydraulic actuator in series with the air spring in the leg. Figure 3 shows the results of an experiment designed to test the ability of the control system t o regulate flight duration. The biped ran in place while the control system attempted t o achieve a range of desired flight durations. Flight durations between 0.2 s and 0.5 s were achieved. Figure 4 shows the results of using flight duration adjustments to control step length. The biped ran forward a t 1.7 m/s while the control system varied the flight duration to achieve a pattern of desired step lengths. The average error in step length was 0.06 m.
Duration of Stance
During stance the hopping machine is a spring-mass oscillator.
An approximate natural frequency, U,, is given by m, where k is the stiffness of a linear approximation to the leg's air spring and m is the mass of the body supported by the leg. The pressure in the air spring at touchdown and the geometry of the leg determine the spring constant and therefore the natural frequency of the spring-mass oscillator. 
